Organization (WHO) grade II gliomas. A correlative analysis with tumor histology, however, is still lacking. For elucidation we conducted the current prospective study. Fifty-five adult patients with an MRI-based suspicion of a WHO grade II glioma were included. [F-18]Fluoroethyltyrosine ( 18 FET) uptake kinetic studies were combined with frame-based stereotactic localization techniques and used as a guide for stepwise (1-mm steps) histopathological evaluation throughout the tumor space. In tumors with heterogeneous PET findings, the O 6 -methylguanine-DNA methyltransferase (MGMT) promoter methylation status and expression of mutated protein isocitrate dehydrogenase variant R132H (IDH1) were determined inside and outside of hot spot volumes. Metabolic imaging revealed 3 subgroups: the homogeneous WHO grade II glioma group (30 patients), the homogeneous malignant glioma group (10 patients), and the heterogeneous group exhibiting both low-and high-grade characteristics at different sites (15 patients). Stepwise evaluation of 373 biopsy samples indicated a strong correlation with analyses of uptake kinetics (p < 0.0001). A homogeneous pattern of uptake kinetics was linked to homogeneous histopathological findings, whereas a heterogeneous pattern was associated with histopathological heterogeneity; hot spots exhibiting malignant glioma characteristics covered 4 -44% of the entire tumor volumes. Both MGMT and IDH1 status were identical at different tumor sites and not influenced by heterogeneity. Maps of 18 FET uptake kinetics strongly correlated with histopathology in suspected grade II gliomas. Anaplastic foci can be accurately identified, and this finding has implications for prognostic evaluation and treatment planning.
Molecular imaging studies have recently found interand intratumoral heterogeneity in World Health
Organization (WHO) grade II gliomas. A correlative analysis with tumor histology, however, is still lacking. For elucidation we conducted the current prospective study. Fifty-five adult patients with an MRI-based suspicion of a WHO grade II glioma were included.
[F-18]Fluoroethyltyrosine ( 18 FET) uptake kinetic studies were combined with frame-based stereotactic localization techniques and used as a guide for stepwise (1-mm steps) histopathological evaluation throughout the tumor space. In tumors with heterogeneous PET findings, the O 6 -methylguanine-DNA methyltransferase (MGMT) promoter methylation status and expression of mutated protein isocitrate dehydrogenase variant R132H (IDH1) were determined inside and outside of hot spot volumes. Metabolic imaging revealed 3 subgroups: the homogeneous WHO grade II glioma group (30 patients), the homogeneous malignant glioma group (10 patients), and the heterogeneous group exhibiting both low-and high-grade characteristics at different sites (15 patients) . Stepwise evaluation of 373 biopsy samples indicated a strong correlation with analyses of uptake kinetics (p < 0.0001). A homogeneous pattern of uptake kinetics was linked to homogeneous histopathological findings, whereas a heterogeneous pattern was associated with histopathological heterogeneity; hot spots exhibiting malignant glioma characteristics covered 4 -44% of the entire tumor volumes. Both MGMT and IDH1 status were identical at different tumor sites and not influenced by heterogeneity. Maps of 18 FET uptake kinetics strongly correlated with histopathology in suspected grade II gliomas. Anaplastic foci can be accurately identified, and this finding has implications for prognostic evaluation and treatment planning.
Keywords: low-grade glioma, 18 FET-PET, MGMT, IDH1, stereotactic biopsy, metabolic imaging. I n conventional MRI, nonenhancing space-occupying lesions are often suspicious for a World Health Organization (WHO) grade II glioma. In reality, they constitute an extremely heterogeneous group of diseases, including also grade III and grade IV gliomas and nonneoplastic (i.e., inflammatory) processes. 1 -3 Accordingly, low sensitivity (in the range of 72 -93%) and specificity values (in the range of 50 -80%) have been reported for standard MRI protocols of suspected low-grade gliomas. Metabolic/molecular imaging studies might help to overcome some of these
limitations. O-(2-[
18 F]fluoroethyl)-1-tyrosine ( 18 FET) PET, for example, has already been systematically used for measurements of both intratumoral static and dynamic amino acid uptake in primary brain tumors 4 -7 ; particularly for the latter kinetic approach, favorable sensitivity (94%) and specificity (100%) values for noninvasive glioma grading have been achieved. 7 The current study focuses not only on these overall measurements of diagnostic accuracy but also (and mainly) on the still unresolved question as to what extent heterogeneous or homogeneous intratumoral kinetic profiles can be translated into corresponding heterogeneous or homogeneous histopathological characteristics throughout the tumor space, and which histological and metabolic patterns are the predominant ones in patients with suspected low-grade gliomas. The elucidation of the distribution of kinetic and histopathological landscapes and their correlation with each other might help to define more clearly the potential role of dynamic 18 FET-PET within the emerging field of molecular imaging. In the case of a strong correlation between metabolic imaging and histopathology, 18 FET-PET maps might be used to target molecular-genetic analyses at tumor sites with different metabolic profiles.
The current prospective study provides a first step in this direction. In adult patients with an MRI-based suspicion of a supratentorial WHO grade II glioma, 18 FET-PET images showing three-dimensional (3D) outlined areas of different kinetic profiles (if present) were colocalized with MRI data and used as a guide for stereotactic biopsy procedures throughout the tumor space, allowing stepwise histological evaluation in correlation with the PET data. Moreover, in patients with heterogeneously composed metabolic landscapes, the status of well-known prospective/predictive biomarkers (MGMT promoter methylation and expression of mutant protein isocitrate dehydrogenase [IDH1] variant R132H) 8 -13 was determined at multiple sites in spatial relation to the histological and metabolic maps.
Methods

Patients
Adult patients (ages 18 to 70 years) with an MRI-based suspicion of a so far untreated supratentorial WHO grade II glioma and with no prior history of radiotherapy or chemotherapy were eligible for this study. All enrolled patients gave informed consent. The study protocol was reviewed and approved by the institutional review board of the Ludwig-Maximilians University, Munich, Germany (AZ 216/14).
Magnetic Resonance Imaging
All patients received a standard MRI investigation (axial T2-weighted sequence with a slice thickness of 2 mm, and 3D T1-weighted sequences with a slice thickness of 1 mm) before and after administration of intravenous agent (0.1 mmol per kilogram of body weight of gadopentetate dimeglumine [Magnevist, Schering]) performed on 1.5 or 3.0 Tesla scanners (Magnetom Symphony, Siemens; or Signa HDxt, GE Healthcare) prior to enrollment. The scans were evaluated by 2 experienced neuroradiologists (J.L., J.L.) who were blinded to the results of the 18 FET-PET investigation and the histopathological diagnosis obtained. MRI-based criteria for WHO grade II gliomas were (1) no contrast enhancement, (2) hyperintense signal on T2-weighted sequences, (3) hypointense signal on T1-weighted sequences, and (4) no evidence of hemorrhage or necrosis. For 3D tumor delineation and volume calculation, T2-weighted imaging sequences were used: tumor volume was calculated from summed two-dimensional (2D) tumor areas delineated as being on contiguous axial planes (2-mm slice thickness) covering entire tumor expansions, using a 3D calculation tool on a PACS Workstation (Magic VIEW 1000 w , Sienet, Siemens).
18
FET-PET Investigation
18
FET-PET scans were performed within 1 week after MRI investigation with an ECAT EXACT HR + scanner (Siemens/CTI). To allow us to obtain standardized metabolic conditions, patients fasted for a minimum of 6 h before scanning. Following a 15-min transmission scan for attenuation correction ( 68 Ge sources), approximately 180 MBq of 18 FET was injected intravenously. The emission recording consisted of 16 time frames covering the period up to 40 min postinjection according to our established protocol. 7 Images were reconstructed as 128 × 128 matrices of 2 × 2-mm voxels by filtered back projection using a Hann filter with a cut-off frequency of 0.5 Nyquist and corrected for random, dead time, scatter, and attenuation. For further analysis, data were transferred to a Hermes workstation (Hermes Medical Solution).
To obtain accurate information about the individual time course of 18 FET uptake within the whole tumor, we used a standardized protocol for axial PET images covering the area of the MRI-based suspected tumor.
Because dynamic evaluation of 18 FET-PET in highgrade tumors was shown to have an early peak with decreasing values afterward, we used the summation of 18 FET image covering the time interval between 5 and 15 min post-injection to assess the area with the highest activity. Therefore, a 90% isocontour threshold region of interest (ROI) was defined for each individual transversal slice within this area of suspicious 18 FET uptake. In patients without elevated FET uptake in the early phase, ROI was defined covering the tumor area delineated in the MRI. This procedure resulted in a set of several individual ROIs for each patient and tumor. Afterward, these ROIs were applied to the corresponding slices at later time points, and the time activity curves (TACs) within the ROIs were evaluated for the entire dynamic data set (Fig. 1) . 7, 14 Constantly increasing TACs were determined to be characteristic for low-grade glioma ("low-grade kinetics"), whereas TACs with an early peak followed by decreasing
values were determined to be characteristic for highgrade glioma ("high-grade kinetics").
In those patients for whom the TACs suggested highgrade kinetics, a 3D volume of interest (VOI) was defined on the early summed images, which served as a hot spot for the further stereotactic procedures. Areas without high-grade characteristics but T2 hyperintensities in MRI were suggested to be low-grade parts of the tumor.
Finally 3D-VOI (if determined)/
FET-PET data were transferred to a stereotactic workstation, which was used for coregistration with anatomical MRI as well as for trajectory planning.
FET-PET -Guided Stereotactic Biopsy Procedures
All patients underwent stereotactic biopsy within 10 days of study enrollment. The technique of multimodal imaging -guided stereotactic serial biopsies has been described previously in detail. 15, 16 Coregistration of CT, MRI (including T1-and T2-weighted sequences), and 18 FET-PET investigation served for 3D visualization (i-plan stereotaxy, BrainLAB) of the tumor and simulation of the "best" trajectory including metabolic active areas. A serial biopsy was taken along a trajectory representative of the solid tumor tissue inside and outside of hot spots, if present. The topographical assignment of collected tumor probes with regard to the hot spot was performed after consideration of the spatial resolution of the PET scanner (4-5 mm). Only tumor probes clearly inside or outside of hot spots were used for histopathological and molecular-genetic evaluation. Using microforceps, the maximum amount of tissue per biopsy specimen was 1 mm 3 . Each biopsy specimen was scored with regard to its position within the stereotactically defined tumor space. Each of the collected tissue samples was assigned to the corresponding imaging data (Fig. 2 ). The number of specimens taken in 1-mm steps along the chosen trajectory was in the range of 4 to 16 (median 7) per tumor. The tissue sampling procedure was performed using intraoperative smear preparations, as routinely done by the attending neuropathologist (R.E.) to ensure diagnostically suitable specimens. A corresponding sample (level +1 mm) was taken either for paraffin embedding and histopathological examination or for snap-freezing for subsequent molecular-genetic analyses.
Histopathology
Stepwise histopathological evaluation of each single tumor specimen was independently made by 3 neuropathologists (R.E., J.H., H.A.K.), who were blinded to the MRI and 18 FET-PET findings. This evaluation included determination of cell density, nuclear pleomorphism, mitotic activity, microvascular proliferation, and the Ki-67 labeling index. Classification and grading of each tissue sample was performed according to the criteria of the WHO classification of brain tumors. 17 Definitive histopathological diagnosis of each tumor was guided by the respective specimens exhibiting the most malignant phenotype. In case of discordant findings, a conference for reevaluation was initiated to achieve a consensus concerning the diagnosis.
Determination of MGMT Promoter Methylation and Mutant Protein IDH1 Variant R132H Expression
All patients with heterogeneous intratumoral 18 FET uptake kinetics and corresponding heterogeneous histopathology were chosen for additional molecular-genetic analyses, to elucidate whether histological heterogeneity corresponds to intratumoral heterogeneous findings with regard to the MGMT promoter methylation status and/or IDH1 expression. Only solid viable tumor tissue was used for MGMT and IDH1 analyses. The described biopsy technique was applied to minimize the risk of tissue contamination (e.g., by nonneoplastic tissue). At least 2 tissue samples were collected from different sites throughout each tumor (including the hot spot). Tumor specimens were stored at -208C immediately after the biopsy procedure and subsequently used for MGMT analysis. Small sample size -adjusted determination of MGMT promoter methylation was performed using both methylationspecific PCR (MSP) and sequencing analysis as described previously. 10, 16 Briefly, DNA from tumor specimens was isolated using commercially available isolation kits followed by purification and bisulfite modification of DNA. 8 For MSP, two pairs of primers (each specific for either the methylated or the unmethylated MGMT promoter region) were used as originally described by Esteller and colleagues. 18 MSP was performed according to standard protocols followed by gel electrophoresis and amplicon visualization. Evaluation of the MGMT promoter methylation status was performed in a blinded fashion (S.E.) according to previously published definitions. 16 Expression of mutant protein IDH1 variant R132H was determined by the mIDH1R132H antibody (clone H14) using unstained slides from formalin-fixed, paraffin-embedded tissue. 19 Slides of 4 mm were dried at 808C for 1 h and stained with mIDH1R132H (clone H14
Statistical Analysis
The distribution of patient-and tumor-related variables between subgroups was analyzed by chi-squared statistics (for dichotomized variables) and the Wilcoxon test (for continuously scaled variables); p ≤ 0.05 was considered significant. All calculations were performed using the SAS software package (version 9.1).
Results
A total of 55 consecutive patients (33 men, 22 women; mean age 43.9 years) were enrolled between September 2006 and July 2009. Patient characteristics are shown in Table 1 . MRI-based tumor volume calculations (mean overall tumor volume 31.5 ml), 18 FET-PET investigations, and molecular stereotactic biopsy procedures were feasible in all patients. Overall, 373 tumor samples were collected (median number of specimens per tumor: 7), with a perioperative transient morbidity of 1.8% (one patient with transient hemiparesis) and no permanent morbidity. FET-PET images exhibiting heterogeneous tumor composition. 1b, dynamic 18 FET uptake kinetics inside (A) and outside (B) the hot spot. Histopathological tumor grading revealed a WHO grade III phenotype inside (2a) and grade II characteristics outside (2b) the hot spot. Mutant protein IDH1 variant R132H expression was found in both inside (3a) and outside (3b) the hot spot. Methylation-specific PCR also revealed an identical MGMT methylation status irrespective of intratumoral origin (4a, inside and 4b, outside the hot spot; 4c, no template control (NTC)). Overall, 18 FET-PET kinetic analysis indicated a lowgrade glioma in 30 patients and a malignant glioma in 25 patients. The low-grade suspicion was histopathologically confirmed in 29 patients (1/30 patient with an anaplastic astrocytoma) and the high-grade suspicion in 23 patients (2/25 patients with low-grade gliomas). Sensitivity, specificity, and positive predictive value of 18 FET-PET were 96%, 94%, and 92%, respectively.
Overall Tumor Classification
Treatment of verified WHO grade II gliomas (31 patients) consisted of open tumor resection alone or in combination with stereotactic iodine-125 brachytherapy (14 patients), chemotherapy (11 patients), or conservative management (6 patients); all WHO grade III gliomas (22 patients) were treated with chemotherapy (temozolomide) 20 ; in 11/22 patients, however, chemotherapy was preceded by open tumor resection (because of significant space-occupying effects of the tumor). WHO grade IV gliomas (2 patients) were treated according to the protocol of the European Organization for Research on Treatment of Cancer. 21 
FET Hot Spots Determine Malignant Tumor Parts
Metabolic analysis revealed 3 subgroups (Fig. 1) . In 30 patients (54.5%) (group A), constantly increasing standardized uptake value within a 90% isocontour threshold (SUV90) was observed throughout the entire tumor volume (indicative of a grade II glioma), 7 Table 2) . Sensitivity, specificity, and positive predictive values of 18 FET-PET to determine a tumor with homogeneous low-grade characteristics were 95%, 96%, and 99%, respectively.
In 10 patients (18.2%) (group B), SUV90 values throughout the entire tumor volume peaked early followed by a constant decline (indicative of a malignant glioma), 7 which was histopathologically verified in 9 patients, including 2 patients with glioblastoma multiforme. The mean number of collected tissue samples per tumor was 5. Table 2) . Patients of groups A and B did not differ in terms of age and tumor volume (Table 1) . Sensitivity, specificity, and positive predictive values of 18 FET-PET to determine a tumor with homogeneous high-grade characteristics were 96%, 95%, and 83%, respectively.
In 15 patients (27.3%) (group C), a heterogeneous imaging pattern was found. Areas with constantly Table 2 ). Patients in group C were older and had larger tumor volumes than those in groups A and B, although the difference was not statistically significant (Table 1) . Sensitivity, specificity, and positive predictive values of dynamic 18 FET-PET analysis in determination of an intratumoral anaplastic focus were 92%, 82%, and 85%, respectively. The frequency of concordant and discordant findings was comparable in all 3 subgroups (p . 0.05).
Taken together, homogeneous uptake kinetics (for groups A and B) were significantly linked to similar histopathological findings throughout the tumor volume under investigation, whereas a heterogeneous pattern of uptake kinetics (group C) was topographically precisely associated with histopathological heterogeneity. This correlation was statistically significant (p , 0.001).
MGMT Promoter Methylation and Expression of Mutant Protein IDH1 Variant R132H in Heterogeneously Composed Gliomas
Molecular-genetic analysis and immunohistochemistry were performed using at least 2 biopsy samples clearly harvested from inside and outside the hot spot of heterogeneously composed anaplastic gliomas (N ¼ 14) . MGMT promoter methylation and mutant protein IDH1 variant R132H expression were seen in 11 and 9 tumors, respectively. An IDH1 mutation was frequently found in MGMT methylated tumors (8/11 patients), while IDH1 mutated tumors were often MGMT methylated (8/9 patients). A homogeneous distribution of these 2 biomarkers was detected inside and outside the hot spot of all 14 tumors; in particular, a qualitative and quantitative homogeneous expression of the mutant protein IDH1 was noted (Fig. 2) .
Discussion
The majority of suspected diffuse low-grade gliomas present rather uniformly as homogeneous nonenhancing lesions on T2-weighted or fluid-attenuated inversion recovery MRI sequences, whereas inter-and intratumoral heterogeneity have been uncovered in recently published molecular/metabolic imaging studies. 22, 23 However, a systematic and accurate correlative analysis of these imaging data with tumor histology and molecular-genetic profiles has not been performed to date. The exact meaning of the term "inter-and intratumoral heterogeneity" regarding tumor grading, molecular-genetics, and prognostic evaluation in patients with suspected lowgrade gliomas still needs clarification. The current report addresses some aspects of this unresolved topic. 18 FET uptake kinetic studies adapted from the method of weighted frame differences as described by Pö pperl et al. 7 were combined with frame-based stereotactic localization techniques. The dynamic approach was preferred, as the analysis of 18 FET uptake kinetics has been shown to be superior to static 18 FET uptake measurements for noninvasive tumor grading. 6, 7, 14 The 18 FET-PET images showing 3D outlined areas of different kinetic profiles (if existing) were colocalized with MRI data and used as a guide for stereotactic biopsy to perform correlative analyses of dynamic imaging data, histopathology, and molecular-genetic findings in adult patients with suspected supratentorial WHO grade II gliomas.
The distinct uptake kinetic profiles detected in the nonenhancing tumors of this series indicate no or only limited influence of the blood -tumor barrier. Other mechanisms such as increased amino acid transporter expression in tumor vessels and/or higher regional microvessel density were judged to be much more important for the determination of the tracer uptake kinetics than effects of increased permeability with passive diffusion of the tracer. 7, 14, 24 MRI-Suspected Low-Grade Gliomas Exhibit Three Distinct Patterns of Corresponding 18 
FET Metabolism and Histopathology
Here we showed that suspected WHO grade II gliomas (according to conventional MRI criteria) frequently exhibited a more malignant phenotype, with nearly 50% of the investigated tumors proving to be grade III or even grade IV gliomas in this study. It is noteworthy that this was shown by the stereotactic biopsy technique, which is often considered a suboptimal technique for accurate glioma characterization and notoriously prone to undergrading (and subsequent undertreatment) if it is based on conventional imaging such as CT and/or MRI. 25 Here we showed that stereotactic biopsy procedures guided by dynamic metabolic data and high-resolution MRI allow a precise topographical correlation analysis of metabolic and morphological landscapes. The low complication rate was in accordance with previously published data. 26 Stepwise histopathological classification of 373 tissue specimens (collected from 55 tumors) was strongly correlated to the corresponding uptake kinetics throughout the tumor space. The prospectively estimated diagnostic sensitivity, specificity, and positive predictive values of dynamic FET-PET were always higher than 80% for both overall diagnostic classification and the stepwise classification of single specimens throughout the tumor space. Accordingly it can be expected that both biopsy-and microsurgery-related planning can be greatly improved by the implementation of molecular/metabolic imaging data. The correlative analysis revealed 3 distinct groups among those with nonenhancing intrinsic tumors: homogeneous low-grade gliomas, homogeneous malignant gliomas, and tumors exhibiting both low-and high-grade characteristics. The patients with the heterogeneously composed tumors were older and had larger tumor volumes than those with homogeneous low-grade or high-grade gliomas; the hot spot was interindividually highly different and covered 4-44% of the entire tumor volume. Even though the Ki-67 labeling index was significantly higher in areas associated with WHO grade III characteristics, it was not as high as in tumors with homogeneous high-grade characteristics. Given the fact that both increased patient age and a larger tumor volume are considered risk factors for malignant transformation, 27 -31 one may speculate that the heterogeneously composed group of tumors consisted mainly of secondary malignant gliomas and might therefore differ biologically from those tumors in this study with homogeneous high-grade characteristics, which were found in younger patients, had smaller tumor volumes, and had a higher proliferation index. The high frequency of MGMT promoter methylation and IDH1 mutation detected in these heterogeneously composed tumors would be in line with this speculation. 16, 32 More data are necessary to support this hypothesis.
It is noteworthy that a new finding is that a tumor with homogeneous malignant (benign) uptake kinetics indeed lacks low-grade (high-grade) parts throughout the tumor space in the vast majority of tissue samples analyzed. The described concordance between uptake kinetics and corresponding stepwise histological evaluation in homogeneously and heterogeneously composed tumors supports the view of 18 FET-PET as a powerful technique within the emerging field of molecular imaging and provides an important basis for additional molecular-genetic analyses at tumor sites exhibiting different uptake kinetic profiles. In the current series, we determined both the intratumoral distribution of MGMT promoter methylation and the expression of mutation protein IDH1 variant R132 inside and outside of hot spots of all 14 heterogeneously composed tumors. A homogeneous distribution of these biomarkers was seen throughout each of these tumors, suggesting that both MGMT promoter methylation and accumulation of mutant protein IDH1 variant R132H are probably early events in glioma genesis.
Risk of Undergrading and Undertreatment
Diagnosis and treatment are particularly challenged in both the homogeneously and the heterogeneously composed malignant glioma groups (18.2% and 25%, respectively, of the tumors of this series). In the former group, the necessity of obtaining a tissue diagnosis is underscored. Anaplastic foci of the latter group were as small as 0.6 ml and as large as 8.7 ml and covered 4% to 44% of the entire visible tumor volume. Overlooking these foci might easily lead to undergrading and undertreatment of a considerable number of patients. An anaplastic focus could either be easily missed by conventional biopsy procedures or be removed by suction or ultrasound aspirator during open tumor resection, resulting in a histopathological evaluation of tissue specimens that is no longer representative for the tumor under investigation. The exclusion or the proof of an intratumoral hot spot, its precise intraoperative identification, and sufficient sampling of tissue specimens from this most important tumor part must be considered essential for both stereotactic biopsy and microsurgery in suspected low-grade gliomas. Thus, the necessity for implementation of molecular/metabolic imaging data in biopsy and navigation planning systems is urgent. It is not currently clear to what extent these heterogeneously composed (and probably in former times undergraded) tumors have contributed to the unfavorable outcome measurements in historical studies of low-grade tumors. 27, 28, 33 Moreover, significant interactions with classical clinical prognostic parameters such as age, tumor size, and extent of resection cannot be excluded, and any of these might have led to an overestimation or underestimation of their prognostic effects in these historical studies. In summary, optimal tumor characterization by molecular/metabolic imaging, representative histopathology, and hopefully more extensive moleculargenetic analysis in the future seems necessary for the development of sufficient and personalized treatment concepts.
Although the integration of 18 FET-PET in treatment planning and treatment performance has gained increasing relevance, we are aware that limitations exist, particularly due to limited availabilities of PET-performing facilities. One of the strengths of 18 FET, however, is the long half-life (110 min), enabling its use in PET centers without an adjacent cyclotron. 24 It can be expected that 18 FET-PET also will be increasingly used in the United States. Further comparative studies will help to define the place of PET and potentially alternative tools such as MRI-based echoplanar diffusion, perfusion analysis, and proton spectroscopy.
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